One hundred and twenty Cobb 500 hens, 20 wk of age, were randomly allocated into individual cages with the objective of estimating their Zn requirements. The study was composed of 3 phases: adaptation to cages (basal diet), depletion (deficient diet containing 18.7 ± 0.47 ppm Zn) for 7 wk, and experimental phases. Hens were fed diets with graded increments of Zn sulfate heptahydrate (ZnSO 4 ·7H 2 O), totaling 18.7 ± 0.47, 50.3 ± 10.6, 77.3.0 ± 11.0, 110.2 ± 12.8, 140 ± 12.2, and 170.6 ± 13.2 ppm analyzed Zn in feeds for 12 wk (experimental phase). Requirements of Zn were done using quadratic polynomial (QP), broken line quadratic (BLQ), and exponential asymptotic (EA) models. In general, the non-linear statistical models were the ones that best fit the results in this study. Requirements obtained for hen day egg production and settable egg production were 83.3, 78.6 ppm and 61.4, 65.4 ppm for period of 33 to 36 wk, and 63.3, 53.1 and 60.4, 46.1 ppm for period of 37 to 40 wk, and 62.8, 52.8, and 67.7, 62.1 ppm for period of 41 to 44 wk, respectively, using BLQ and EA models. Total eggs and total settable eggs produced per hen had Zn requirements estimated as 75.7, 64.7 ppm, and 56.5, 41.5 ppm, respectively, for BLQ and EA models, whereas for alkaline phosphatase and eggshell percentage were 161.8, 124.9 ppm and 126.1, 122.4 ppm, using QP and BLQ models. Maximum responses for Zn in yolk for periods of 37 to 40 and 41 to 44 wk were 71.0, 78.1 and 64.5, 59.6 ppm, respectively, using BLQ and EA models. Breaking strength had Zn requirements estimated at 68.0 and 96.7 ppm, whereas eggshell palisade layer and eggshell thickness were maximized with 67.9, 67.9 ppm, and 67.7, 64.4 ppm, respectively, for BLQ and EA models. The average of all Zn requirement estimates obtained by EA and BLQ models in the present study was 72.28 ppm or 11.1 mg/hen/d.
INTRODUCTION
Zinc (Zn) is an essential trace mineral with several roles in animal metabolism as part of structural components, signaling mediators, and catalytic factors (Maret, 2000; Parkin, 2004; Jurowski et al., 2014; Kambe, et al. 2015) . More than 200 enzymes require Zn as a functional component, conferring it the widest involvement in enzyme functioning in animals (MacDonald, 2000) . The main processes mediated by Zn affect protein synthesis, cell proliferation, gene expression, endocrine hormone synthesis, immunity, and reproduction (Shankar and Prasad, 1998; Liu et al., 2015; Naz et al., 2016; Perez et al., 2017; Sloup et al., 2017) . In chickens, Zn is largely required for eggshell deposition, since it is a structural component of the carbonic anhydrase C 2018 Poultry Science Association Inc. Received April 23, 2018. Accepted October 10, 2018. 1 Corresponding author: slvieira@ufrgs.br enzyme (Guimarães et al., 2013) . This enzyme has its main activity in the shell gland and is involved in egg shell synthesis via the catalysis and interconversion of carbon dioxide and water to bicarbonate (Roberts, 2004) . The appropriate formation of eggshell is essential to maintain an acceptable production of settable eggs since it provides structure and mechanical protection while serving as a source of calcium and other minerals to the embryo (Hunton, 1995; Vieira, 2007) .
It has been reported that Zn absorption can occur in the duodenum and jejunum by a saturable carrier-mediated process, whereas Zn absorption in the ileum can occur with a non-saturable diffusion process (Antonson et al., 1979; Sorensen et al., 1998; Krebs, 2000; Wang et al., 2001; Yu et al., 2008) . Transporter functioning of Zn is highly conserved between species (Cousins et al., 2006; Wang and Zhou, 2010) , but it seems that the ZnT and ZIP transporters control most of the uptake, sequestration, and release of Zn between biological membranes (Jeong and Eide, 2013; Kambe et al., 2015) . The ZIP family transporters are responsible for the influx Zn from the extracellular space into the cytoplasm, while those from the ZnT family function by extruding Zn from the cytoplasm into the lumen of intracellular organelles or to the outside of the cell (Eide, 2006; Fukada et al., 2011) . Zinc homeostasis is mainly maintained by the gastrointestinal tract, by mechanisms of up-regulation of the carriermediated process, and by increased or decreased Zn excretion (King et al., 2000) .
Inadequacies in dietary Zn for broiler breeders lead to low hatchability as well as impaired growth and abnormal development of the entire major organ systems with embryo death following in extreme deficiencies (Blamberg et al., 1960; Amen and Al-Daraji, 2011; Zhu et al., 2017) . Dietary Zn fed to hens is mostly deposited in the yolk with lower concentrations in the albumen and eggshell (Richards, 1997) . Dietary Zn concentration affects Zn deposition in egg yolk (Kienholz et al., 1961) . The developing oocyte accumulates circulating vitellogenin, which is further hydrolyzed to phosvitin and lipovitellin (Vieira, 2007) . Most of the Zn present in the yolk is bound in lipovitellin (Tupper et al., 1954) .
Zinc concentration in feedstuffs is low (NRC, 1994) . In parallel, Zn present in plant feedstuffs is poorly utilized by chickens due to its chelation to phytic acid (O´Dell and Savage, 1960) . Thus, supplementation of poultry feeds with Zn is usual and this frequently includes a considerable safety margin (Sridhar et al., 2014 , which may be promoting the excessive use of this trace mineral in addition to the requirement. Zinc sources commonly used in poultry diets are oxide and sulfate, the latter being more bioavailable (Sandoval et al., 1997) .
There have been many published reports on Zn supplementation in broilers, laying hens, and breeder feeds (Bartlett and Smith, 2003; Burrell et al., 2003; Hudson et al., 2004a; Sharideh et al., 2016; Tsai et al., 2016; Wang et al., 2016; Abd El-Hack et al., 2017; Pacheco et al., 2017; Qin et al., 2017; Zakaria et al., 2017; Zhu et al., 2017) . Most of them, however, have not investigated the actual Zn requirements of breeder hens. Therefore, references for Zn supplementation in these types of diets are largely based on suggestions. Zinc recommendations published in the NRC (1994) for commercial laying hens is 45 mg Zn/kg of feed, whereas these vary from 65 to 110 mg Zn/kg of feed in other sources (FEDNA, 2008; Cobb-Vantress, 2013; Aviagen, 2017; Rostagno et al., 2017) .
The lack of updates in Zn recommendations for commercial poultry based on the published work contrasts with the progress in performance traits (Navidshad et al., 2016) . In parallel, there is a current concern over the high excretion of micro minerals used to supplement animal diets into the environment (Leeson, 2009) . The European Commission has recently established a maximum limit for the total Zn content, including the supplemental premix, of poultry diets at 100 ppm (EFSA, 2014). The knowledge of the requirements may enable the reduction in the supplementation of Zn in poultry diets, without affecting animal health and welfare as well as in productivity.
The objective of the present study was to assess the Zn requirements of broiler breeder hens using Zn sulfate as the source of the added Zn. The responses used to determine the requirements were related with the productive performance, egg quality, blood constituents, and quality of the hatching chicks.
MATERIALS AND METHODS

Birds
All procedures utilized in the present study were approved by the Ethics and Research Committee of the Federal University of Rio Grande do Sul, Porto Alegre, RS, Brazil. One hundred and twenty Cobb 500 broiler breeder hens, 20 wk old, were individually placed in cages (0.33 m length × 0.46 m deep × 0.40 m height), whereas 30 Cobb breeder males were placed in 3 collective floor pens (2.0 × 1.5 m) for semen collection. Each cage was electrostatic painted and provided with one stainless steel nipple drinker and a plastic trough feeder. Overall, breeder management followed Cobb-Vantress's (2016) guidelines. Semen collection and hen insemination were done as described by Taschetto et al. (2017) .
Treatment diets
The present study was composed of 3 phases, each one having different diets as follows: adaptation to cages (basal diet), depletion (deficient diet), and experimental phases (treatment diets) (Table 1 ). Immediately after placement in cages, the 20-wk-old hens were fed a basal diet for 6 wk (adaptation phase), based on the nutritional requirements recommended by CobbVantress's (2013) guidelines. From 26 to 32 wk of age, hens received a Zn-deficient diet (15.9 ppm formulated, 18.7 ± 0.47 ppm analyzed), in order to deplete the hens body Zn storage. The Zn-deficient diet was formulated to meet all nutritional requirements, except for Zn (Cobb-Vantress, 2013) . At 33 wk of age, hens were fed the experimental diets, starting the experimental phase. At this point, hens were individually weighed and randomly assigned to the experimental cages, resulting in similar average weight for all treatments. The experimental diets were composed of 6 different Zn concentrations (Table 2) . Each treatment had 20 replicates and 1 hen was the experimental unit. Supplementation was done using laboratory grade Zn sulfate heptahydrate (ZnSO 4 ·7H 2 O) (Sigma Aldrich, St. Louis, MO). The supplemented levels were 0, 30, 60, 90, 120, and 150 mg Zn/kg of feed. Dietary Zn was analyzed in 4 samples per treatment of the 4 batches mixed throughout the study and averaged 18.7 ± 0.47, 50.3 ± 10.6, 77.3 ± 11.0, 110.2 ± 12.8, 140.0 ± 12.2, and 170.6 ± 13.2 mg Zn/kg (Table 2) . The experimental phase was divided into 3 periods of 28 d, from 33 to 44 wk of age. Thus, the present study was a 6 × 3 factorial arrangement of 6 Zn supplementation levels and 3 periods. Feed was restricted and provided daily as recommended by Cobb-Vantress (2016). The amount of feed provided was equal for all hens, and is shown in Table 2 . Males were fed a corn-soywheat bran mash diet to meet Cobb-Vantress's (2013) recommendations.
All ingredients and feeds were analyzed for Zn content, using inductive coupled plasma atomic emission spectroscopy (Spectro Analytical Instruments, Kleve, Germany) (Anderson, 1999) . Consumption of Zn in mg/kg/d per hen was calculated using the average daily feed consumption and the analyzed Zn feed concentration (Table 2 ). Water Zn content was analyzed using atomic absorption (ZEEnit 650 P, Analytik Jena, Jena, Germany). Averaged duplicate analysis of Zn in water was 0.195 ± 0.030 ppm, which was not considered a significant dietary source of the mineral.
Hen performance measurements
Eggs were classified daily as hatchable or not, with broken and deformed eggs being considered not hatchable. The percentage of total and hatchable eggs in the period was calculated for each hen. In each period, the hatchable eggs were weighed and grouped into 3 replicates per treatment and incubated in a single-stage incubator (Avicomave, Iracemápolis, Brazil) set at 37.5
• C and 65% RH until 18 d. Eggs were then transferred to a hatcher set to 36.6
• C and 80% RH. Total hatchability and hatchability of fertile eggs were calculated as percentage of hatching chicks to the total and fertile eggs set, respectively. All unhatched eggs were broken open to determine the approximate day of embryonic death as described by Favero et al. (2013) . Hatching chicks were weighed and length measured, corresponding the distance from the tip of the beak to the end of the middle toe (third toe) (Molenaar et al., 2008) .
Three broiler breeder hens from each treatment per period were randomly selected for blood collection. Hematocrit (Ht) and hemoglobin (Hb), and alkaline phosphatase (ALP) concentration were obtained from pooled blood samples. Blood obtained was partially transferred to 0.5 ml test tubes containing EDTA for Ht and Hb analyses. Ht was determined using micro capillaries containing blood centrifuged for 5 min at 15,650-18,510 × g. The cyanmethemoglobin method was used to determine Hb concentration (Crosby et al., 1954) . Blood left was centrifuged to obtain the serum. Analysis of ALP was performed as described by Roy (1970) , using a digital bench colorimeter (Model Labquest, Vernier Software & Technology, Beaverton, OR). Determination of Hb and Ht was done with 15 chicks hatched per treatment in each period. Chick blood samples were obtained from the jugular vein after euthanasia by cervical dislocation.
In addition to performance and blood analyses, egg quality was evaluated. Eggs from 10 replicates were collected during of the last 5 d of each period, totaling 45 eggs per treatment. Eggs (n = 25) were used to measure egg weight, specific gravity, yolk, albumen, and eggshell percentage. Specific gravity was determined using saline solutions with concentrations ranging from 1.065 to 1.095 g/cm 3 in intervals of 0.005 units (Novikoff and Gutteridge, 1949) . Shell weight was obtained after washing and drying at 105
• C overnight, whereas shell thickness was measured using a micrometer (Model IP65, Mitutoyo Corp., Kawasaky, Japan) in the apical, equatorial, and basal regions with these values being averaged for statistical analysis. The other 20 eggs were used to determine eggshell breaking strength, using a texture analyzer (Model TA.XT.plus, Texture Technologies Corp., Hamilton, OH), with a 75-mm (P/75) breaking probe (Molino, et al., 2015) . Three yolks from eggs from the same replicate hen were pooled and lyophilized to obtain a total of 10 replicates per treatment per period. Yolk Zn content was quantified using inductive coupled plasma atomic emission spectroscopy as described for feedstuffs and feeds.
Five eggs within similar average weight ±10% SD per treatment by period (age 36, 40, and 44 wk) were used in the analysis of eggshell ultrastructure using a scanning electron microscopy (King and Robinson, 1972) . In preparation for this analysis, each eggshell was broken into 3 samples (0.5 cm 2 ) at the equatorial region. Membranes from shells were removed by immersion of samples in a solution of 6% sodium hypochlorite, 4.12% sodium chloride, and 0.15% sodium hydroxide (Stefanello et al., 2014) . Samples were mounted transversely and horizontally on aluminum stubs using carbon tape, to measure the thickness of eggshell layers and the number of mammillary buttons/mm 2 , respectively. These were metallized with gold at 35 nm for 3 min (BAL-TEC SCD050 Sputter Coater, Capovani Brothers Inc., Scotia, NY). A total of 1,080 images were obtained in the scanning electron microscope (JEOL JSM 6060, GenTech, Arcade, NY) with an acceleration voltage from 10 to 20 kw, and at magnification of 300× for transversal samples (810 images) and 200× for horizontal samples (270 images). Eggshell layer identification was done according to the descriptions of Dennis et al. (1996) . Microscopy images were analyzed in the ImagePro Plus software (Media Cybernetics, Rockville, MD). Average measurements (μm) were estimated from 3 different locations in each image.
Statistical Analysis
A homoscedasticity test was applied to the data set (Shapiro and Wilk, 1965) . Data were transformed using the arcsine square root percentage (z = asin(sqrt (y + 0.5))) when not presenting residues with normal distribution (Ahrens et al., 1990) . Then data were submitted to analysis of variance using the MIXED procedure of SAS (2011), with periods as repeated measures, except for total egg production and settable egg production per hen at 44 wk, which were analyzed using the general linear models (PROC GLM). The choice of covariance structures of PROC MIXED was based on the Akaike criteria (Littell et al., 1998) . Tukey-Kramer test was used for means comparison, and differences were considered significant at P < 0.05 (Tukey, 1991) .
Estimates of Zn requirements were obtained using quadratic polynomial (QP), broken line quadratic (BLQ), and exponential asymptotic (EA) models (Robbins et al., 1979) . The goodness of fit of the 
RESULTS
There were interactions between dietary Zn and period for egg production, settable egg production, and Zn deposition in the egg yolk (Tables 3 and 4) . Significant interactions (P < 0.05) showed that in the first period (33 to 36 wk), egg production increased when the 77.3 ppm Zn treatment was fed, whereas increases in the second and third periods were seen from the 50.3 ppm Zn treatment and above. Hens receiving the Zn-deficient diet had impaired egg production and settable egg production in the second and third period as compared to those fed diets containing Zn supplementation. In addition, the deposition of Zn in the yolk increased as Zn was added at 33 to 36 wk with the highest supplemental Zn concentration (P < 0.05). However, the level of the 50.3 ppm dietary Zn was sufficient to stabilize the Zn yolk deposition from 37 to 44 wk (P < 0.05; Table 5 ).
Most of the evaluated responses were affected by period, except for the thickness of mammillary buttons (P > 0.05). Egg production, fertile egg hatchability, eggshell percentage, and number of mammillary buttons decreased according to hen age (P < 0.05). Egg hatchability, breeder Hb, ALP, and eggshell thickness were higher from 37 to 40 wks (P < 0.05), whereas Ht of hen, chick blood measurements, hatching chick measurements, egg weight, yolk percentage, albumen percentage, Zn concentration in the yolk, and palisade layer thickness increased as hens aged (P < 0.05) (Tables 3 and 4).
Zn supplementation did not affect Ht, Hb, hatching chick length, and albumen percentage or mammillary layer thickness (P > 0.05). Total and settable egg production, palisade layer thickness, and eggshell thickness increased, whereas hatching chick weight, egg yolk percentage, and egg weight decreased when hens were fed diets containing diets having from 50.3 to 170.6 ppm Zn (P < 0.05). The highest ALP value was obtained with dietary Zn level at 110.2 ppm, and the eggshell percentage was at 110.2 and 140.0 ppm (P < 0.05). Specific gravity increased up to 170.6 ppm of dietary Zn. On the other hand, the number of the mammillary buttons increased in eggs from hens that fed the deficient diet (P < 0.05; Tables 3 and 4) .
Estimates of Zn requirements were determined using QP, BLQ, and EA models of regression. The values were expressed as dietary concentration (ppm) as well as daily intake per hen (mg/hen/d) (Tables 6  and 7 (Table 6) .
Settable egg production as well as Zn concentration in the yolk showed different behavior between periods with a significant interaction of Zn level and period. Requirements for settable egg production were 112.6, 113.2, and 120.0 ppm (QP model) from 33 to 36 wk, and 61.4, 60.4, and 67.7 ppm from 37 to 40 wk (BLQ model), and 65.4, 46.1, and 62.1 ppm from 41 to 44 wk, respectively. On the other hand, yolk Zn contents from 33 to 36 wk increased linearly with Zn level in diets. From 37 to 40 wk, the maximum Zn concentration in the yolk was obtained using 127.9 ppm (19.6 mg/hen/d), 71.0 ppm (10.9 mg/hen/d), and 78.1 ppm (11.9 mg/hen/d) Zn by QP, BLQ, and EA models, respectively. In the last period, from 41 to 44 wk, the maximum responses were estimated as 124.9 ppm (19.1 mg/hen/d), 64.5 ppm (9.9 mg/hen/d), and 59.6 ppm (9.1 mg/hen/d) Zn by QP, BLQ, and EA models, respectively (Table 7) .
Breeder hen requirements of Zn for total and settable egg production were estimated as 116.4 ppm (17.8 mg/hen/d) and 115.2 ppm (17.6 mg/hen/d) by QP model, 75.7 ppm (11.6 mg/hen/d) and 56.5 ppm (8.6 mg/hen/d) by BLQ model, and 64.7 ppm (9.9 mg/hen/d) and 41.5 ppm (6.3 mg/hen/d) by EA 
DISCUSSION
In the present study, Zn deficiency was clearly demonstrated with the diets not supplemented with Zn sulfate (18.7 ppm) . The different evaluated responses demonstrated variable impacts due to Zn supplementation. As with other studies when more than one response are measured, determining a unique requirement value was not possible. In addition, dietary values that optimize the diverse responses vary depending on the statistical model utilized (Robbins et al., 1979) . In the present study, EA and BLQ models provided better fits for most measurements and estimated lower requirements than the QP model. The quadratic model tended to overestimate the requirements, since the curvature is very sensitive to variations in the treatment intervals. For some, this model is considered physiologically incorrect, since it presupposes symmetrical responses to deficiency and excess, whereas non-linear models better explain the biological models (Runho et al., 2001; Pesti et al, 2009 ). EA and BLQ models reported Zn requirements varying from 62.2 ppm (9.4 mg/hen/d) for maximum egg production, to 81.3 ppm (12.2 mg/hen/d) Zn for egg quality.
The interaction observed between Zn supplementation and period indicated differences in the Zn requirements from 33 to 44 wk when compared to the other periods. Data showed that egg production increased as a function of Zn supplementation in the first period (33 to 36 wk) with a less pronounced response in the following periods (37 to 40 and 41 to 44 wk). This may be related to body accumulation from first to last periods. Yolk Zn responded linearly to increasing dietary Zn from 33 to 36 wk. The difference between the first period after the depletion phase and the other two periods were likely due to a lower Zn body content at the beginning of the present study. Other authors also observed an increase in egg production of various bird species when Zn was supplemented at 30, 45, and 160 ppm Zn in diets fed to laying hens, ducks, and Japanese quails, respectively (Kucuk et al., 2008; Aghaei et al., 2017; Chen et al., 2017) . Supplemental Zn contents for broiler breeder hens from popular tables of recommendation vary from 65 to 110 ppm (Cobb-Vantress, 2013; Aviagen, 2017; Rostagno et al., 2017) . The NRC (1994) recommends 4.5 mg of Zn per hen daily for breeders, but this was based on few research reports. In the present study, the average Zn requirement for maximum total egg production from 33 to 44 wk was 85.6 ppm or 13.1 mg/hen/d. In contrast, the BLQ and EA models, which fitted better, estimated 75.7 and 64.7 ppm or 11.6 and 9.9 mg/hen/d, respectively, indicating higher values than the NRC (1994), but similar to the other sources cited above. The values reported in the present study refer to total Zn, which contrasts with the suggestion present in most references which refer to supplemental values.
It appears that Zn requirements for egg hatchability were lower than the deficient level tested in the present study (18.7 ppm Zn), since no significant differences between treatments were found. According to Stahl et al. (1986) , 28 ppm dietary Zn is sufficient to prevent Table 6 . Regression equations of egg production of breeders fed with Zn supplementation. Regression equations obtained using the increasing analyzed Zn in the diets (18.7, 50.3, 77.3, 110.2, 140 , and 170.6 ppm).
2 Eggs produced as a percentage of total live hens.
3
Settable egg produced as a percentage of total live hens. Total eggs produced by live hens at the end of the experiment.
5
Total settable egg produced by live hens at the end of the experiment.
6
Alkaline Phosphatase. Regression equations obtained using the increasing analyzed Zn in the diets (18.7, 50.3, 77.3, 110.2, 140 , and 170.6 ppm).
2
Zn concentration in the egg yolk.
3
Palisade layer thickness of the eggshell.
4
Thickness of the eggshell.
5
Linear model used to demonstrate the behavior of the results. Figures 1A, 1C , and 1E were used to measure eggshell layers thickness, and figures 1B, 1D, and 1F used to measure mammillary buttons density.
* Mammillary button. * * Mammillary layer thickness.
* * * Palisade layer thickness.
decreased egg hatchability, as well as egg production. However, Blamberg et al. (1960) showed a decrease in egg hatchability of hens supplemented with 6 ppm Zn in the diets. Kienholz et al. (1961) reported that dietary Zn fed to hens did not impact blood Hb and Ht, but Sahin et al. (2009) found that the activity of several enzymes in metabolic pathways decrease in Zn-deficient poultry. In the present study, ALP increased with the addition of Zn to the deficient diet. Plasma ALP levels have been reported to increase when pullets begin to lay (Bell, 1960) . There have been numerous reports of the role of ALP activity in the efflux of Ca from the basolateral membrane into the interstitial space by the Ca 2+ -ATPase-dependent active process (Lawson and Davies, 1979) . This implies an important role of Zn in the regulatory pathways of cartilage (Starcher et al., 1980) and bone synthesis (hydroxyapatite crystallization) (Sauer et al., 1997) .
Nutrient transference into the egg is required for normal development of the embryo, which depends on a good hen nutritional status (Wilson, 1997) . The major mineral source for the embryo is the yolk, which contains most of the P, Zn, Cu, Mn, and Fe in eggs (Richards, 1997) . In the present study, yolk Zn deposition was increased as dietary Zn and was gradually supplemented. It is necessary that each essential mineral be available at the appropriate time during the growth and development of the embryo within the egg to ensure its survival (Gilani and Alibhai, 1990) . In the present study, there was no effect of Zn on most hatching chick measurements. However, hens consuming the Zn-deficient diet produced eggs with higher egg yolk percentage and heavier eggs and chicks. As hen egg production decreased, their sequence length decreased leading to a greater mean inter-sequential interval. This may have led to the increased hatching chick body weight of the non-supplemented diet (Shanawany, 1984) , since a high correlation between egg weight and hatching chick weight exists, irrespective of hens age (Pinchasov, 1991) .
Supplementing Zn led to an increase in settable egg production, which may have occurred due to improvements in eggshell quality, since cracked or broken eggs are not used for incubation. These results are in accordance with other published studies, which correlate Zn with improvement in eggshell quality (Hudson et al., 2004b; Stefanello et al., 2014; Manangi et al. 2015) . One of the most important problems in the poultry industry is the eggshell quality, influencing economic profitability of egg production and hatchability (Swiatkiewicz and Koreleski, 2008) . Zinc affects egg formation also through effects in oviduct epithelium due to the role of Zn in protein synthesis (Tabatabaie et al., 2007) as well as in the carbonic anhydrase enzyme, which plays a role in the synthesis of eggshell calcium carbonate (Christianson and Fierke, 1996) . Carbonic anhydrase is a catalyst in the shell gland for the formation of carbonic acid, which can be dissociated into bicarbonate ions, thus allowing a greater number of carbonate ions to be produced, which can then be utilized for calcium carbonate deposition (Gutowska and Mitchell, 1945) . It is likely that Zn levels tested in the present study may have led to a higher activity of carbonic anhydrase and then leading to improvements in eggshell thickness. This enzyme, however, was not analyzed in the present study. In addition to having increased the total thickness of the eggshell, increased dietary Zn led to improvements in egg breaking strength.
The eggshell contributes to a successful embryogenesis in many ways, such as through protection, as well as gas and water exchange (Karlsson and Lilja, 2008) . The eggshell is composed of several layers, which include the mammillary, palisade, and the vertical or surface crystal layer, as well as the cuticle (Solomon, 2010) . The mammillary layer is a regular array of cones or knobs, functioning as calcium storage that is eventually delivered to the embryo. It also forms the basis of the layer of palisades (Hincke et al., 2012) . The palisade layer, the thickest of the whole shell, extends beyond the bases of the cones and ends in a thin vertical crystal layer where crystals are aligned perpendicularly to the shell surface (Nys et al., 2004; Solomon, 2010) . Increases in dietary Zn (maximized at 67.9 ppm, using non-linear models) resulted in greater palisade layer thickness, as well as a decrease in the number of mammillary buttons (Figure 1) . The density of mammillary knobs has a negative correlation with breaking strength and quality of the eggshell (Stefanello et al., 2014) . With the increasing number of mammillary buttons, it was possible to observe disorders and structural changes, which may act as nucleation sites of breakage (Solomon, 1991) . Thus, eggshells with a higher density of mammillary buttons, cracks, and scratches may present inordinate inner surfaces, which are physically less resistant (Parsons, 1982; Van Toledo et al., 1982) .
In summary, Zn requirements from the present study ranged from 41.5 to 161.6 ppm dietary Zn (6.3 to 24.7 mg/hen/d), depending on the response criteria. The average requirement estimates for egg and settable egg production were 84.0 ppm (12.9 mg/hen/d) and 74.9 ppm (11.4 mg/hen/d), whereas it was higher when averaged for egg quality responses (108.1 ppm Zn or 16.1 mg/hen/d). When requirements obtained using the three models and for all variables averaged in the present study, a value of 91.4 ppm Zn (14.1 mg/hen/d) was obtained. Averaged values obtained separately for QP, BLQ, and EA models were 124.3, 76.3, and 69.9 ppm Zn (19.0, 11.7, and 10.7 mg/hen/d), respectively.
